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ABSTRACT

A new experimental technique is describad whereby the soft x-ray

CrLIII, CrK, and OK emission and absorption spectra are combined and used

to construct empirically a complete molecular orbital diagram for simple

chromium-oxygen compounds. All spectral components are assigned specific

transitions associated with bonding, antibonding, and nonbonding molecular

orbitals. In Cr 2 03 the spectra indicate that the three outermost

electrons have t2g symmetry and are involved in two distinct bonding

mechanisms. One of these electrons is localized in a metal-metal

covalent bond and the other two are associated with the Cr-O1T bond.

The results do not support the narrow d-band model which has been proposed

for transition metal oxides. For C04- 2 the deduced MO structure does

not agree well with previous calculations and a new intezpreration is

suggested for the optical absorption spectrum. Contrary to pravious

assumptions, it is concludad that the highest filled orbital in CrO4
2

is 3t 2 instead of t1. Relationships between the x-ray spectra and

various solid state phenomena such as coordination symmetry, bonding

distances, valence state, and bonding character are discussed. It is
concluded that the x-ray band spectra from compounds are best interpreted

on the basis of molecular orbital theory.

iii
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SECTION I

INTRODUCTION

Soft x-ray valence band spectra have for many years been recognized

for their potential use in determining the electronic structure of solids.

In actual practice, however, the direct utility of the spectra along this

line has been severely limited. Over the years many correlations have

been made between the spectra from simple compounds and certain physical

and chemical properties. Typically, such a correlation will involve a

direct relationship between measured wavelength sh4ifts or intensity

variations in certain spectral components and a specific property such

as bond character, bonding distance, electrical conductivity, heats of

formation, and so on. Although these properties are indeed indirect

manifestations of the electronic structure of the material, they provide

a very incomplete picture of that structure.

Ideally, x-ray band spectra Qhould be capable of yielding a more
4V

complete structural picture than this. This expectation arises from the

basic origin of the spectra, including both emission and absorption

components. X-ray emission bands, according to classical descriptions,

are due to electron transitions from the occupied valence/conduction band

to an inner level vacancy. Conversely, the absorption spectra are due to

the ejection of an inner level electron into one of the available vacant

states in the outer regions of the atom. Since it is the structure of

these outermost electronic levels that determines the properties of a

material, then, so the reasoning goes, the x-ray band spectra should

provide us indirectly with all sorts of information about why a material

behaves the way it does. Unfortunately, the number of actual cases in

K which x-ray band spectra have been successfilly used in this manner is

disappointingly few. There are several reasons for this but in general

they can be combined into tvo problem areas: 1) obtaining reliable band

spectra and 2) interpretation of the spectra. It is the intention of
this report to focus on these problems (primarily the latter one) for

some simple chromium-oxygen compounds such as Cr 2 03 , Cr0 3 , Cr0 4 -2, and

Cr 2 7 -2.

2 7
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Compounds of the first-row transition metals are especially

interesting from an electronic stru-ture standpoint as reflected in their

remarkably varied physical and chemical properties (Reference 1). In

attempting to unravel the complexities of the electronic structure of

some of the more fascinating compounds in this group, many different

types of experiments have been performed. It is a curious fact, however,

that x-ray band spectra, despite their potential value in determining

significant features of the electronic structure, have been vi'rtually

ignored in studying these materials. To be sure, there are problems in

obtaining and using the spectra but there are distinct advantages, too.

The present author has attempted to indicate this in some recent work on

thE soft x-ray spectra from some titanium and vanadium compoundsI(References 2,3,4,5, and 6).

One of the key points in two previous papers (References 4 and 6) has

been the use of a molecular orbital (MO) model to interpret the titanium

and vanadium L emission and absorption spectra. Recently, several

other workers have also recognized the utility of MO theory in explaining

certain features of x-ray band spectra which are difficult or impossible

to rationalize by any other means (References 7 through 15). There are

still those, on the 'ther hand, who claim that MO theory is fine for

explaining the bonding in highly covalent materials such as transition

metal complexes, but resist any effort to apply it to predominantly ionic

materials such as Ti0, V0 2 , and Cr 0 or to metal-like compoundts suclb

as TiC or VC. Actually, however, MO theory is quite flexible, in that it

is capable of describing any degree of covalent-ionic bonding character

so that in principle it is perfectly legitimate to apply it to simple

inocganics such as oxides, nitrides, and carbides. There is certainly

a high degree of interaction between metal atom and nonmetal atom orbitals

iii these compounds so it seems only reasonable to use a bonding model

which takes these interactions into account. If that model is also

capable of accurately explaining the myriad of details in the soft x-ray

emission and absorption band spectra better than any other modei which

has been advanced, then it must be worth some consideration. One of the

purposes of this report is to demonstrate that the MO model is directly

2
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applicable to chromium-oxygen compounds in which chromium has either a

+3 or +6 valence state and occupies either an octahedral or tetrahedral

coordination site. The x-ray band spectra will then be used to construct

empirically a complete MO energy-level diagram involving both occupied

and vacart orbitals within 20eV or so cf the Fermi energy. No other

experimental technique is capable of doing this.

To empirically determine the complete electronic structure of a

transition metal compound, however, one needs more information than is

contained in any one emission band or absorption spectrum. The reason

for this is rooted in the symmetry characters of the outer orbitals and

the dipole selection rules governing x-ray transitions. In forming a

compound such as Cr 2 03 , the 3d, 4s, and 4p levels of the metal atom

interact with the 2s and 2p levels of the nonmetal atom. According to

MO theory, in which a linear combination of atomic orbitals (LCAO) is

used, this interaction will result in a series of bonding and antibonding

molecular orbitals such as shown later on in this report (Figure 3).

The important point to note here is that these outermost electron levels

will consist of admixed s, p, and d symmetries. Now a K x-ray emission

band results from transitions of the outermost electrons to a vacancy

created in the ls core level. According to the dipole selection rules

only electrons in levels having p symmetry can make such a transition.

The K band, therefore, will reflect only the distribution of p symmetry in

the outer levels and tell us nothing about the distribution of s and d

symmetry. Conversely, the L or M band will reflect the distributoion of s
and d symmetry but not of p symmetry. Obviously, if we expect to obtain

a complete picture of the outer electronic structure it will be necessary

to combine the information present in both K and L band spectra. Most

x-ray band structure investigations of compounds have not teen done from

this viewpoint, which makes the information obtained about tae band

structure very limiter- in scope. Th- importance of using the combined

spectra has been recently demonstrated by this author for some titanium

and vanadium compounds (References 5 and 6). In this report, the following

spectra will be used for the chromium-oxygen compounds: chromium L3 -1

(valence orbitals - Cr2p2), chromium L (valence orbitals - Cr2p 2j

3
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chromium K/ 2 5 (valence orbitals -- Crls), oxygen K (valence orbitals

-O Is), and their corresponding absorption spectra.

The investigation of these various band spectra from chromium.-oxygen

compounds is presented, therefore, with several objectives in mind. The

primary objective is to empirically determine the complete outer electronic

arrangement and energy positions of the bonding, antibonding, and non-

bonding molecular orbitals. Also, the different valence states and

coordination numbers of the chromium ion in various compounds should,

according to MO theory, result in quite different energy-level arrange-

ments and symmetry character of levels. Thia, ir, turn, should cause

specific differences tc appear in the x-ray band spectra and therefore

give a vzlid indication of whether or not the M-0 model is c.,paule zZ

accurately exnlaining all the changes which occur in the spectra. It

will be shown that this model is indeed applicable to the chromium-oxygen

compounds. Mhe empirical electronic structure obtained will be compared

to other types of experimental data and to theoretical calculations,

where possible.

It will be seen that the x-ray results do not agree very well with

theoretical calculations of the electronic structure in some cases and

reasons for the disagreement are sug~gested. New interpratptions will be

given for the optical absorption spectra of the CrOC-2 ion based on the

x-ray MO structure. In Cr 2 03 two types of 3d (t 2 g ) electrons are observed

and the results do not agree with the very narrjw d model proposed

elsewhere (References 1 and 16).

iS
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SECTION II

EXERIMENTAL

A. INSTRUMENTATION

The plane single-crystal vacuum spectrometer used to obtain the

spectra is the same as described previously (Reference 2). Characteristic

x-ray spectra are produced by direct electron beam bombardweht of the

target material. The interchangeable anode assembly of brass, copper, or

aluminum is constructed so that the x-ray takeoff angle is continuously

varialale between 0 anr q 0 . A flow-proiocrton•J det...A wit* Fo.r-.,r

window and argon-methane flow gas is used at a reduced pressure of 120

Torr. Spectrometer vacuum under noimal operating conditions is about

I X 0 6 Torr.

Wavelength positions of the spectral features measured in this

i.-%vestigation have a probable error of ±0.C?2A (0.3eV) but wavelength

differences could be measured to±0.005X (±0'.leV). The data points on

the spectral curves have a statistical deviation 'of 2-3% at the peak

maxima and less than 1% at the tails.

B. DISPERSING CRYSTAL AND RESOLUTI.ON

A rubidium acid phthilate cr¢stal (RAP, 2d=26.118A) was used in

obtaining both the chromium L and oxygen K spectra (Reference 3). The
8

oxygen K bands were also cbtained with a clinochlore crystal [2d=29.393A

(Reference 2)] to aid in removing the anomalous high energy peak

introduced by the W crystal (Reference 3).

The effective diffraction pattern of the spectrometer (window width)

was tentatively determined although there is not universal agreement on

the way to do this for a single plane-crystal spectrometer. The technique

Sused here was to record the Kd and Ka lines of V, Cr, Fn, Fe, Co, and

Ni in various multiple orders an6 compare the measured half-widths to the

5 §
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exprssio 2 2 W where
so-called standard half widths by the expression Wm A

Wm = the half-width of the experimentally measured line, WX = the true

half-width of the line, and WA the half-width of the spectrometer

window. For the RAP crystal the instrumental window was calculated to be

0.81eV at the CrL1 II band maximum (21.7A) and 0.53eV at the oxygen K band

Smaximum (23.6A). With the cl~i ochlore crystal the window is 0.94eV at

the oxygen K band.

Due to the fact that the window width of the spectrometer varies with

the wavelength and that the exact shape of the window is not known, the

band spectra shown in this report have not been corrected for instrumental

broadening. This is not considered to have any significant effect on the

spectral lnperpretations which a• oifered.

The chromium K spectra which are used were not obtained by the author

-but waere taken from the literature, The exact literature references are

given later in the discussions of specific compounds and these specura

are also uncorrected for instrumental effects.

C. SAMPLE PREPARATION AAD S. aCTRAL MEASUREMENT

To obtain the emission band spectra, target specimens of Cr 0 were
2 3

prepared by mixing a fine poider into a slurry with ethanol and painting

it in a thin film on the anode surface. Specimens of Cr03 , the chromates,

'd dichromates were pfepared in a similar tashion except that the slurry

liquid was H2 0 instead of ethanol. After painting it on thi anode surface,

.the specimen film was dcied in air at 120*C, coated with a finely sprayed

film of graphite, and placed immediately into the spectrometer vacuum.

When prepared in this fashion, all of the compounds, including Cr03 ,

remained chemically stable under normal excitation conditions.

Each of the sample materials was obtained from at least two diffecent

sources and checked by x-ray diffraction. One of the Cr2 0G sDecimens was

b broken segment of a special high-purity• single crystal.

6
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Obtaining the x-ray band spectra from these materials involved a

tremendous amount of work. For each spectrum shown in this report, at

least 20 complete runs were made. These runs were made under a wide

variety of excitation conditions by varying parameters such as the

bombarding electron beam voltage, the beam current, the sample chamber

vacuum, and the length of time that the sample was subjected to the

primary electroa beam. Before any of the spectra were considered to be

truly characteristic of the original sample material, they had to be

completely reproducible time after time. All of the chromium L and

oxygen K spectra shown here satisfy this requirement. This is important
because a typical bombarding electron beam voltage of 3-4kV will only

probe the first 100 layers or so below the surface. If any chemical

cbhzng cccurs i.L t nAzr che sutface during the excitation process, the

soft x-ray bend will not be characteristic of the starting material.

For the chromium L and oxygen K wavelength region it is extremely

difficult to make absorption specimens which are both uniform enough and

thin enough to transmit the continuum radiation in the usual manner.

Successful films were made for only one of the compounds, Cr 2 0 3 ' This

was done by mixing an ultra-fine powder in a dilute solution of parlodion

in amyl acetate. An eyedropper was used in depositing a few drops of this

mixture on the surface of a shallow pan of water. The drops spread out

to form a uniform film which can be picked up on a wire hoop. The film

thickness can be varied by the amount of powder mixed in the solvent

originally. An optimum thickness was determined by trial and error, and

for the CrL absorption in Cr2 03 it was found to be about 0.6 mg/cm2.

The CrL M and OK absorption spectra for all of the other materials

were obtatjned by the differential self-absorption method which has been

explained previously (References 2 and 3). Although aosolute absorption

coefficients cannot be obtained from these self-absorption spe.tra there

is the advantage of their being obtained fr=m the same specimens and at

the same time as the emission bands. This tonsiderably simplifies thie

matching of emission and absorption energy scales and provides strong

confidence that both types of spectra represent precisely the same

chemical state of the target material.

7
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SECTION III

RESULTS AND DISCUSSION

A. GENERAL COMENTS

The chromium compounds of particular interest in this investigation
-2

are the oxides Cr 0 and Cr0 , the chromates (Cr0 4 -), and dichromates
-2 23 334

"(Cr027). In each of these materials the chromium ion is either

octahedrally or tetrahedrally coordinated to the oxygen ligands. In

Cr2 03 , chromium has a +3 valence and occupies a slightly distorted
ocaeda 3 ie;in C -2 -2

octahedral site; in CrO Cr0 and Cr0 ,chromium has a +6 valence
3' 4 2 7

and is tetrahedrally coordinated. This tetrahedron becomes quite

distorted in progressing from Cr04- to CrO to Cr20 As will be
4 3 2 7

shown, this distortion has a significant effect on the x-ray band spectra,

and is caused directly by gross variations in the chromium-oxygen and

chromium-chromium interatomic distances. The various crystallographic

parameters which influence the bonding, and hence the x-ray bands, are

summarized in Table I.

The chromium L emission and absorption spectra from the compounds

compared to that from the pure tretal are illustrated in Figure 1. Except

for the pure Cr spectrum and Cr2 03 emission bands, none of these spectra

have ever been shown in the literature before. As can be seen, the total

band spectrum covers the 550 to 590eV (21.0 to 22.5X) energy region.

Each of the emission bands (solid-line spectra) is subject to serious
distortion from self-absorption effects very similar to that shown
previously for titanium and vanadium L II,II bands (References 2,3,5,and

6). Consequently, the bands illustrated in Figure 1 were obtained under

conditions of negligible self-absorption, although multiple-vacancy

satellite emission is at saturation (Reference 2). The numbers placed on

the high-energy tails of the emission bands indicate the bombarding

electron beam voltage, beam current, and takeoff angle with which they

were obtained. Each of the L absorption spectra from the compounds

(dashed curves)is a self-absoiption replica obtained as described

previously (References 2,3, and 6).

8
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f The pure metal spectrum is included only for reference purposes and will

be discussed in detail in a subsequent report.

The oxygen K emission and absorption spectra from these same compounds

are shown in Figure 2. Here also, the emission bands (solid curves) were

obtained with negligible self-absorption and are uncorrected for broadening

effects. Absorption spectra (dashed curves) are self-absorption replicas.

The relation between these oxygen spectra and the chromium T and

chromium K bands will later be comparec. in detail for each compound.

In Figures 1 and 2 each of the emission maxima is denoted by a capital

letter and each of the absorption maxima by a lower-case letter. The

energy positions and relative intensitie; 3f these mazima aie th ' basis,

of the molecular orbital interpretation which will follow. As mentioned

earlier, each of the compounds represented in the figures results from

different coordination symmetries and/or valence states of the chromium

ion. According to MO theory, each of these symmetries should lead to a

different interaction between the chromium and oxygen outer orbitals, and

therefore produce different MO energy-level arrangements. This in turn

should result in specific differences in the x-ray exuission and absorption

bands and provide a reasonably good test of whether or not the proposed

MO interpretation of the .;pectra is at least qualitatively correct. The

interpretation which is offered here follows along the same lines

developed previously for titanium and vanadium compounds (References 4,

and 6). The deriw.tion and formation of mulecular orbitals for various

coordination symmetries is textbook information (References 17 and 18)

and will not be detailed here. It is of interest, however, Lo know what

type of MO diagram is to be expected, in general, for a transition metal

ion in octahedral and tetrahedral symmetry sites. This is indicated

schematically in Figure 3. These diagrams are adapted from Ballhausen

and Gray's book (Reference 17) and are based on the assumption that

the metal ion 3d, 4s, and 4p atomic orbitals interact in the LCAO

approximation with the oxygen 2s and 2p orbitals. As such, they are only

qualitatively correct but they provide a firm starting point for

interpreting the individual x-ray spectra. The idea now is to assign

9
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each x-ray spectral naximum as being due to an electron transition

between a specific MO and core level. Actually, this is considerably

easier to do for x-ray spectra than for optical spectra because in the

x-ray case the inner level is essentially atomic in charactei and can be

considered to have a constent energy value for a given compound. If such

MO assignments can be made with a reasonable degree of confidence for

both the x-ray emission and a~uorption spectra then obviously these

spectra will form a strong empirical foundation for deducing a complete

and accurate molecular-orbital structure for each compound. Since no

other experimental technique has been proved capable of doing this, the

results could have far-reaching significance as to the virtually untapped

* potential of the soft x-ray band spectra from compounds.

For the chromium and oxygen band spectra discussed in this report the

"MO interpretations rely heavily on the usual dipole selection rules. By

taking into account the relative peak intensities and their relative

energy positions for each spectral series, therefore, we might expect to

make reasonably confident assignments for each component. This will be

done and explained in detail for each type of compound in the sections

which follow. Included with the schematic MO diagrams in Figure 3 are

vertical lines indicating which MO's would most likely be expected to

contribute to the CrL and OK spectra. The MO's contributing to the
III

CrL band contain at least some 3d or 4s admixture while those involved
III

in the OK band ccntain 2p states. Table II contains the peak assignments

for the CrLIIII spectra shown in Figure 1. Table III lists the

experimentally measured energy positions for these peak maxima. Tables

IV and V give comparable data for the oxygen K spectra. These tables

will be frequently referred to in the following sections and although

the reasoning behind the specific electron transition assignments may not

be apparent at this point, it will be later on.

Each of the CrL and OK band spectra illustrated in the following

sections has been unfolded into its constituent components by means of

the DuPont Model 310 Curve Resolver. Since complicated spectra can often

be resolved into almost as many components as the operator has the patience

10
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to attempt, two basic points were adhered to for the spectra shown here:

e (1) Both Gaussian and Lorentzian unfolds were tried for each spectrum and

(2) the simplest solution was sought, i.e., the spectra were resolved

into as few components as possible. As a result it was found that the.

CrLIII spectra (both emission and absorption) were best approximated by

Gaussian components and the OK spectra by Lorentzian components. This

was the case for every compound, including many which are not shown in

this report. Why the different spectra should unfold into different

symmetry components is not clear to the author. Inner levels are

generally believed to be Lorentzian in shape while outer levels

(molecular-orbitals) are often assumed to have a Gaussian shape (Reference

19). At any rate, whether coincidental or not, the unfolding procedure

used here results in precisely the correct number of components predicted

by the MU model for both octahedral and tetrahedral compounds. With

certain reservations, these unfolded components can be used not only tc

accurately position the individual electronic orbitals but to give some

indication of their width as well.

With these points in mind, let us now proceed to examine the x-ray

band spectra from some individual compounds.

B. Cr 2 03

Cr 2 03 crystallizes in the corundum structure in which the chromium-

oxygen octahedron is slightly distorted (Reference 20). Along the

threefold axis the chromium ions (cations) form pairs and are ordered

antiferromagnetically up to the Neel timperature of about 45*C (Reference

21). It is an insulator both above and below this temperature. Apparently

no calculations have been made of the electronic band structure for Cr203

but some work has been done on the isostructural compounds Ti 0 and V2 032 3
(References 1, 16, 22, and 23). It will be assumed here that c, rtain

' .i features of the band structure for these thtee sesquioxides (corundum

phase) are very similar, the main difference being the number of 3d

electrons.

il !.
- I



AFML-TR-71-92

The CrL emission and absorption spectra obtained from Cr 0

are shown in Figure 1. According to the dipole selection rules these

spectra should reflect primarily the distribution of 3d symmetry in the

outermost levels of the compound. Since it is these d electrons that are

mainly responsible for many of the important properties (e.g., conductivity,

magnetism), the Lll, 1 1 spectra should contain some important information

about the structure. It is obvious in Figure I that the appearance of the

emission band from Cr 0 is considerably different from that of elemental
2 3

Cr. New components labeled F,A,GC,D, and E are observed in the oxide

but not at all in the pure metal. This is exactly what was observed

previously for the L bands from titanium and vanadium oxides

(Reference 4). The extra components in those oxides were interpreted as

being due to the presence of ligand 2p and 2s orbitals and the same

explanation is used here ror CrJ- It will be noticed in Figure 1 that

the L absorption spectrum does not change as much as the emigsion

band in going from metal to oxide. The exact energy positions of each of

the emission and absorption maxima referred to are listed in Table III.

An interpretalion of the L1IIii spectrum from Cr 2 0 3 requires we

bave at hand the CrK and OK band spectra. It is also helpful to refer to

the schematic MO energy-level diagram for cctahedral symmetry shown in

Figure 3. The method of relating the x-ray spectra to the MO structure

is illustrated in 'igure 4. Shown here are CrLIII and OK spectra

obtained in this work and CrK band spectrum taken from Menshikov and

Nemnonov (Reference 24). The zero 3f energy is arbitrarily placed at the

Fermi energy which is here assumed to be at the CrLIII absorption edge.

Each of the spectra is positioned on the relative energy scale by lining

up peaks b and c in the absorption spectra. The reason for this will

become apparent shortly.

As mentioned earlier, the CrLI 1 I spectrum has been resolved into

Gaussian components and the OK spectrum into Lorentzian components.

Before unfolding the LIII emission band, everything on the high energy

IIIIside . ie LIII absorption edge was subtracted away. It is assumed

that any emission components which occur on this side of the edge are

12
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L multiple ionization satellites and band features and can

therefore be ignored in determining the MO structure. Also, all the

absorption features which occur to the high energy side of maximum d

(see Figure 1) are ignored since they are 1. absorption transitionsii involving the same outer orbitals represented by the LIII components

(see Table II). The C ' spectrum has not been unfolded because -i:has

been replotted from a Russian publication and not enough is known about

the experimental ccnditions used to obtain it.

Now, referring to Figures 3 and 4, let us examine the CrL emission

band. Since this spectrum should reflect primarily the distribution of A

3d states we will assume that the main components are due to transitions

from the occupied orbitals which contain a significant amount of 3d

character. Peaks B, F, and A are therefore assigned as originating in the

tie 2 t2g, it2g, and 2e_, MO's respectively. Vie 2t2g orbital is only

partially occupied so it should be involved in the absorption spectrum

also. In fact, it is assumed that the first two absorption maxima
represent the two lowest vdcant MO's which are 2t2g and 3eg. These two

orbitals consist mostly of 3d character but there is also expected to be

some p character present because of the chromium- xygen orbital overlap.

Indeed, Loth the CrK and OK absorption spectra contain b and c maxima

and it is the alignment of these peaks in all three spectra which

dictates their relative positions on the energy scale. In the *chromium

K emission band the two strongest peaks are assumed to originate in

orbitals consisting of some 4p symmetry, which in this case would be the

2tlu and 3t orbitals. It is further assumed that the main oxygen K

emission component originates in the t 2 and t nonbonding 2p "lone-
2u lg

pairs." Peaks C and D in the LIII band a:id K/3 " in the K band would then
be due to the leg, lalg, and itlu levels which are associated primarily

with oxygen 2s states. As can be seen in Figure 4, one of the really

attractive features of such an MO interpretation is that orbitals such

as lt , 2t , and 3e which consist of admixed 3d and 2 p states

conlcibute components to both the CrL and OK spectrum. Furthermore,

the relative intensities of the peaks reflect the relative degrees of

edmixture which would be intuitively expected from the normal assumptions

13
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made about the individual orbitals as being either strongly bonding or

slightly bonding and as being localizedprimarily on either the metal ion

or ligand. The MO assignments for all the peaks are summarized in

Table II.

One of the more significant consequences of the peak assignments

discussed above is brought to light by a closer examination of peaks B,
b, and d in the CrL III spectrum. Peak B actually consists of two

components, BI and B2 . It is suggested here that all four of these

components, B1 , B2 , b, and d involve 2t orbitals. This is a consequence

of the two different but simultaneous kinds of bonding involving the 3d

(t2g) electrons. In the corundum structure, c--axis cation-cation pairs

are for'ned, and strong -t covalent bonding dan occur between the

cations (in this case, chromium) forming the pair (References 22,25, and

26). The other type of bond is the t2g p7 (chromium-oxygen) bond. For

these two types of bonding tc be clearly observal-le in the LTIT spectr'Um,

the 2 t2g orbitals would be required to become non-degenerate and split

apart considerably in energy. Some splitting will occur as a consequence

of the trigonal field in the corundum structure. Also, the chromium atoms

forming the c-axis pairs have the closest cation-cation distances in the

structure (see Table I) and the t orbitals associated with the covalent
2g

bonding in this pair could exhibit a rather large bonding-antibonding

splitting (References 22 and 25). The antiferromagnetic ordering could

further contribute to the splitting. Therefore, it is suggested that

CrLII! components B and d represent the bonding and antibonding set of

the 2t orbital associated with chromium-chromium covalent bond. These

components are labeled 2t 2 b(M) and 2t a(M) respectively (Figure 4)

and are assumed to be single electron states. The 2 t2g b(M) orbital is
occupied, the 2t a(M) orbital is vacant. Components B and b would

then represent the occupied and vacant two-electron states associated

with the 3d-2plT bond. They are labeled 2t, (X) and 2t *(X) in
2g

Figure 4.

The three outermost electrons in Cr 0 are therefore involved in two
2 3

distinct bonding mechanisms. One of the electrons is localized in a

metal-metal covalent bond and the other two are associated with the

14
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metal-oxygen 7r bond. Whether or not this latter orbital has a true

energy gap between the occupied and vacant states is not clear from the

x-ray spectra but the Fermi energy is assumed to be in this region.

There is no obvious evidence of a collectivized orbital.

The above interpretation is further supported by the fact that since

components B and d represent the metal-metal covalent bond, they should

consist of pure 3d character (more or less) and therefore should not

contribute to either the CrK or OK spectra. As can be seen in Figure 4

there are indeed no components in either of the K spectra corresponding

to the energy positions of B and d. On the other hand since components

B2 and b in the LIII spectrum are interpreted as being due to the 3d-2p~r

bond, they should also contribute something to the oxygen K Apectrum and

perhaps also to the Cr K spectrum. It is seen in Figure 4 that these

ctntributicns do actually occur, an evidenctd by peaks D aad b in both

the 0 K and Cr K spectra. These spectral relations are also evident in

Table VI.

Actually, the above interpretation of peaks B, b, and d in the LIII

spectrum is not based solely on the results obtained for Cr203. Much

consideration was also given tc he TiLIII spectrum from Ti 2 0 3 and the

V III spectrum from V203 which have been shown previously (References 2,

3, and L). it is an experimental fact that the relative intensity of

emission component B and also absorption component b in these oxides is

directly proportional to the number of 3d electrons while the intensities

of components F, A, and G remain virtually unchanged with respect to

each other. It must be concluded, therefore, that components B and b

are associated with the partially occupied 2t orbital and that
29

conponents F, A, and G are associated with orbitals which are filled in

all cases (see Table II).

The CrK La,: shown in Figure 4 has been interpreted by Menshikov and

Nemnonov (Reference 24) in terms of two different types of d electrons

but their interpretation is not in agreement with the one presented here.

They concluded that the KS, peak was associated with the collectivized

(conduction) d electrons, the K)9 peak with the localized d electrons,

15
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and the K)9 peak as due to a crossover transition of the oxygen valence

electrons to the chromium K level. According to the MO model of Fj'are

4, however, all three of the KS peaks are seen to be associated with

localized orbitals consisting partially of chromium 4p character. Peak

K)9 arises from the 4p-2pTrbond, peak K,8, from the 4p-2pa bond, and

peak K)9 from the 4p-2s bond. This interpretation is more in accord

with the dipole selection rules than that offered by Menshikov and

Nemnonov. It serves, however, as a good example of the advantage gained

in using the combined K and L spectra for structure determinations

instead of relying on one spectrum alone.

Adler and Brooks (Reference 16) have postulated that the d bands in

transition metal oxides, surnh as Ti 0 and V20 are extremel-- narrow,2 3 nd V2 3,3' xrme; arw
being on the order of a few tenths of an eV in width. From their

arguments one would also expect the narrow band model to apply to Cr 03.
2 3

In fact if anythiig, the d bands In Cr 0 would iikaiy be even narrower
2 3 ikaybevnnror

tian in the corresponding titanium and vanadium oxides because when

moving across the 3d series the d orbitals are contracted by the increased

nuclear charge and nearest-neighbor overlap would not be as great

(Reference 26). The x-ray band spectra, however, do not appear to support

the narrow-band model. In the case of Cr203, the CrLIII emission band

has been resolved into 5 components and the LIII absorption into 3

components as showu in Figure 4. The measured half-widths and relative

integrated intensities of these components are listed in Table VI.

Before trying to relate the measured component widths to the actual

electron orbital widths, we must first correct them for various broadening

effects. The two primary effects to consider here are the width of the

instrumental window and the width of the core level. For the experimental

arrangement used to obtain the CrL band, the spectrometer window width
III

is approximately 0.8eV. The chromium LIII level is believed to have a

width of about 0.4eV (Reference 27). This means that the experimental

probe has a total full width at half maximum of about 0.9eV. Molecular

vibrations and spin-orbit coupling may also cause some level broadening

but will probably amount to no more than a few tenths of an eV. As can

be seen in Table VI, the uncorrected component widths are considerably

16
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larger than the sum of the broadening distortions just mentioned. The

B and d components, for instance, which are associated with the d

orbitals of the cation-cation bond have a measured half-width of 3.0eV.

Assuming a conservatively large correction of 1.3eV, there is still at

least a 1.7eV width which remains. Similarly, the d orbitals of the

cation-anion bond (components B2 and b) would have a corrected half width

of about leV. While these values contain some uncertainties, it is

nevertheless apparent that the d orbitals in Cr 0 are considerably
2 3

broader than is proposed in the Adler-Brooks model (Reference 16). This

is also the case in the x-ray band spectra of the titanium and vanadium

oxides shown previously (References 2,3,4, and 6). Some recent

photoemission studies on TiO2 and VO2 by Derbenwick also fail to support

the narrow d band model (Reference 28).

The components of the oxygen K spectrum tend to be narrower than those

of the CrLIII spectrum as indicated in Table VI. This is mainly due to

the fact that both the spectrometer window width (0.5eV) and inner level

width (0.2eV) are smaller for the oxygen spectrum. All of the individual

molecular orbitals in Cr203 appear to have half widths on the order of

I to 2eV. Some solid-state broadening should be expected due to electron

interactions between atoms Jn neighboring octahedra. Also, the distortion

from ideal octahedral symmetry may cause unresolved splitting of

degenerate orbitals which would make levels appear broadened.

If the method of unfolding the spectra, especially the CrLIII band, is

accepted as being reasonably correct, then the relative intensities of the

components can be used to provide a general indication of the amount of

3d character in the 91 and t2g valence orbitals. The results are given in

1'able VII. In determining the values in the last column of the table, it

wae' first assumed that the single-electron 2 t2g orbitals associated with

the chtiaium-chromium covalent bond (components b and d) represented
1

100% d character. These components were assigned an arbitrary intensityA
value of 100 and the other component intensities then s,ýaled on a relative

basis to them. The relative intensity values w.re then divided by the

number of electron states appropriate to the orbital. It is difficult to

17
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assess the accuracy of the results since they depend primarily on the

unfolding procedure. It must first of all be assumed that the transition

probability remains coastant throughout the band. In addition, there are

certain reservations about relating the intensities of absorption

components on the same basis as emission components. Nevertheless, tnie

results given in Table VII are interesting, in that they confirm, in a

general quantitative way, the expected degree of cation and anion

contributions to the various t2g and e orbitals. The bonding orbitals

(2e and it2g) are seen to be strongly polarized toward the oxygen ions

whereas the antibonding orbitals (3e and are polarized toward theg 2t2g)

chromium ions. According to the intensity values given in Table VII.

there are 3.5d electrons in the occupied orbitals of Cr2 03 . In principal,

this same technique could be applied to the K bands for determining the

relative percentages of 2p and 4p character in the appropriate orbitals.

In fact, if the relative intensities of all components in the K and LIII

spectra were known, the relative contribution of all the atomic orbitals

to each of the valence molecular orbitals could be empirically determined.

For the particular case of Cr203, however, not enough is known about the

various parameters involved in the CrK band measurement (Reference 24) to

attempt a meaningful unfolding of the spectrum. The authors' spectrometer

does not have the necessary resolution at this short wavelength (2.11) to

permit an accurate K band measurement.

According to the MO interpretation which has jus: been suggested, ail

of the individual molecular orbitals of Cr203 can be empirically placed

on a relative energy scale as in Figure 4. The energy values of each

x-ray component are listed in Tables III and V. This data could be

placed on an absolute scale if accurate binding energies were obtained

for the inner subshells by electron spectroscopy measurements. This

author is unaware of any such work done for Cr203 but the usefulness of

the measurements has been demonstrated by Anderman and Whitehead

(Reference 15) for some sulfur and chlorine compounds.

18
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There is one other piece of experimental evidence that can De used to

gauge the correctness of the impirical MO structure of Figure 4. ThatV evidence is found in theloptical absorption spectrum of a -Cr 2 03 measured

by Neuhaus (Reference 29). The first prominent peak in that spectrum is

at 2.leV-and is believed to be a measure of A , the ligand field-splitting

parameter. In Cr2 0 A would correspond~to the energy'separation

between the 2t and 3e orbitals. Figure 4, however, shows both of these
S:orbitals (absorption peaks b and c) to be vacant, and so no electrons are

normally available to give rise to an optical transition between them.

Also (from Figure-4 and Table III) note that the energy separation

between the highest occupied orbital (B2 ) and the lowest vatant orbital

(b), both df which have 2t symmetry, is 2.2eV. 1his is in good
2g

agreement with the optical value, and apparently it is this separation

and not A that the optical absorption spectrum is measuring.

It is also of some interest to note that the MO structurd of Figure 4

indicates that the oxygen 2s levels are involved in the bonding in Cr2 03 .

The presence of peaks C and D in the LIII band and peak K/3 in the K

band cannot be readily accounted for unless there is assumed to be slight

interaction between the 02s level and the Cr 3d, 4s, and 4p levels..

From the preceding discussions we are now in a position to list

several points in support of the MO interpretation which has bee•i

suggested for the x-ray band spectra of Cr203. The facts of note are:
2 3

1.) Individual x-ray specta. The main peaks in each spectrum follow

the expected selection rules, i.e., main peaks in the L band

arise only from orbitals having considerable d or s character;

main peaks in the K band arise only from orbitals having

conisiderable p character.

2.) Combined x-ray spectra. Orbitals which consist of admixed

chromium 3d and oxygen 2p symmetries (le, 2e, Lt 2 g...)tC)

contribute to both the chromium L and oxygen K bands. Orbitals

which are virzually atomic in character (t 2 , cation pair t2g)

contribute only to the appropriate spectrum of the element inv3lved.

19
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3.) The intensities of CrL11 1 spectral components associated with the

'bonding. and antibonding t2g and e orbitals show the expected
gg

relative contributions of 3d and 2p symmetries.

4.) The separation between zzlie highest occupied and lowest vacant

orbitals as measjred by the x-ray spectra is iii gc,.d agreement

with that measured by the optical absorption spectrum.

5.) There are no "left-over" components in.the unfolded spectra. Each

component can be logi'ally assigned to a specific molecular

orbital.

In addition to the above points, it is foutd that the empirically
deduced energy positions of rhe individual orbitals in Cr203 are in

reasonable agreeiient with calculations made for:other octahedrallySCrF6-3
* coordinated chronium complexes, e.g.; CrF (Reference 30). The ordering

of the orbitals is slightly diffcrent in the empirical structure but the

telative energy ranges in which they occur show tolerable agreement.

Further support for the MO method will be found in the following sections

on tetrahedral chromium-oxygen compounds.

C. CrO4
2

* -2
In the CrO4 ion the chromi.um atom is surrounded by a regular

tetrahedral arrangement of oxygen atoms. This tetrahedral field will

result in a different molecular orbital. structure than that of octahedral

Cr.903, as illustrated in Figure 3. Consequently, considerable differences

shoulV also be observed in the CrLIJT, CrK, and OK x-ray band spectra.

In obtaining the K-ray bands, three different chromates were studied:
Na 2Cr04' K2Cr04, and PbCrO As expected, they each yielded virtually

identical spectra. Eoth the emission and absorption spectra shown in this

report are from Na2 CrO 4.
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SThe CrLIII x-ray spectrum from Cr04 is shown in Figure 1. Notice

that it is indeed quite different in appearance from the Cr 2 03 spectrum.

The oxygen K spectrum is shown in Figure 2. These two spectra are then

combined with Best's CrK band (Reference 8) in Figure 5. The object of

Figure 5 is to empirically deduce the CrO MO structure in a manner
4

similar to that of the previous section fcr Cr 03. A general schematic
23

of the type of MO structure we might exoect to obtain is-illustrated in
Figure 3. Lining up each of the spectra in Figure 5 on a common energy

scale is accomplished hy positioning the absorption maxima c directly in

line with each other. The reasoning behind this -!ll become apparent

shortly. The zero of energy is arbitrarily placed at the L absorption

edge, which is assumed to be the position of the Fermi energy.

As with Cr 0 , it is again assumed that the dipole selection rules

dictate the main peak assignments in the Cr0 4  spectra. The CrL band

should therefore reflect primarily the distribution of 3d states and we

will begin by assigning emission component A in Figure 5 as due to a

transition from a filled molecular orbital made up of mostly 3d symmetry.

From the schematic diagram of Figure 3, we find that the le level

satisfies this condition. Similarly, the strongest peak in the CrK

emission band (K/,8,) should arise from a filled orbital consisting

mostly of p symmetry, which is identified here as the 2t 2 orbital. In

the CrLlII and OK absorption spectra the first two maxima are assumed to

represent the two lowest empty MO's which are the 2e and 4t2. According

to electron spin resonance measurements, the 2e is below 4t 2 (Reference

31) and the x-ray results support this. The CrK absorption spectrum

shows only one distinct maximum in this region and is assumed to be

associated with the 4t level. The 2e level should not contribute

significantly to the K spectrum. because it consists of mostly 3d symmetry.

This is why the absorption peaks c were lined up at the same energy

position and labeled 4t 2 . Having now placed the le, 2e, 2t 2 , and 4t 2

orbitals or the energy scale. the only one remaining which could be

reasonably expected to ccntribute to peak F In the Cr1 band is 3t
ITY 2*

It is further assumed that the primary oxygen K emission component is due

to transitions from the t1 nonbonding 2p orbitals. The other assignments
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S~-3
follow logically as explained previously for the VO4  structure
(Reference 6). The energy positions and MO assignments of each of the

components are summarized in Tables II, III, IV, and V. As a result of

the above interpretation, all of the Cr0 4 -2 valence molecular orb.tals

are accounted for.

-2

Best has also interpreted his CrK spectrum from CrO4  on the basis

of an MO model (Reference 8). It is basically the same as the

interpretation offered here except for one point. Best concludes that

the K,8,, peak arises from transitions frcm the 3t2 orbitals instead of

the 2t, orbital as suggested in Figure 5. If that were correct, then

component F in the LIII band could not be accounted for. This is a

further example of the advantage of using the combined K and L bands

instead of depending on any one spectrum by itself.

-2
The MO structure of CrO4 as shown in Figure 5 has no partially

occupied orbital as Cr 2 03 does (Figure 3). In tetrahedral compounds, Cr

has a +6 valence state, so that all the bonding orbitals are exactly

filled and all the artibonding orbitals completely empty. This is

reflected in the CrLIII emission bands of Figure 1. There is a peak

labeled B in the Cr 203 spectrum but not in the spectra of the three

tetrahedral compounds. The presence of peak B in a CrLIII band from a

compound always signifies that the lowest antibonding orbitals is

partially occupied.

Now that we have shown how the MO structure of Cr0 4-2 can be

determined empirically from x-ray spectra, it is of interest to see how

this structure compares with some experimental data and theoretical

calculations made by others. The Cr04-2 optical absorption spectrum has
two primary peaks at 3.32 and 4.54eV (Reference 32). These peaks have

been interpreted in at least four different ways. In 1952, Iolfsberg and
-2

Helmholz (Reference 33) calculated an MO structure for CrO4  , in which

the highest filled orbital was t and the lowest empty orbital was 4t 2 .

On this basis, they interpzeted the optical spectrum as indicated in

Table VIII, column 2. Later, Ballhausen and Liehr (Reference 34)
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disagreed with the Wolfsberg-Helmholz scheme, suggesting that the lowest

empty orbital was 2e instead of 4t 2 . They then reinterpreted the optical

apectrum as being due to the transitions listed in column 3 of Table VIII.

That the lowest empty orbital is indeed 2e was further supported by

Carrington and Schonland's ESR measurements. Another MO calculation was

made be Viste and Gray (Reference 35) using certain simplifying
assumptions which resulted in their calling the structure "pseudo" Cro
as

* They then interpreted the optical 3pectrum in yet a third way as indicated

in columin 4 of Table VIII. Oleari et al. (Reference 36) performed a

self-consistent MO calculation for Cr0- and interpreted the optical

spectrum in terms of multiple transitions for each peak as indicated in

column 5 of Table VIII. They justified their multiple assignments by

pointing out that the absorption bands are quite broad and that the

second band actually has a shoulder. Surprisingly, the x-ray results do

not agree completely with any of these previous interpretations. The

problem stems from the assumed MO structure in the vicinity of the Fermi

energy. All of the previous workers assumed that the highest filled

orbital was the nonbonding tI. The x-ray spectra in Figure 5 indicate

that this is not correct and that the highest filled orbital is actually

3t 2 . This x-ray deduced structure is compared with the calculated

Viste-Gray and Oleari et al. structures in Figure 6. All three

stuctures are placed on the same relative scale by arbitrarily placing

the zero energy point at the t1 nonbonding level. The Wolfsberg-Helmholz

calculation is not included in the figure because it doesn't come even

close to agreeing with the x-ray results and is, at any rate, generally

considered to be incorrect. AQ can be seen in Figure 6, the x-ray results

are far from agreement with the Oleari et al. calculations despite the

fact that they are supposedly self-consistent. They made two calculations,

for chromium charge numbers of 0 and +1. The diagram shown in Figure 6

is for the +1 charge. The 0 charge diagram shows even less agreement. A

rather odd feature of the results of Oleari et al. is the extremely large

energy separation ( -9eV) between the highest filled and lowest empty

orbitals. Much better agreement is found in comparing the x-ray results

with the Viste-Gray calculations which were considered very rough to

begin with (Reference 35). Perhaps the disagreements should not be very
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surprising in light of Fensky and •weeny's conclusion (Reference 37),

that the final outcome of the cal:ulations depends very strongly on the

initial assumptions made in dete,:mining symmetry characters of hybridized

orbitals.

The x-ray deduced MO strt,' ture of CrO4 0 is further supported by a

different interpretation of the optical absorption spectrum. On the

basis of the orbital positions determined in Figure 5, the optical peaks

at 3-32 and 4.54eV can be assigned to the transitions t1 - 2e and 3t 2

- 4t 2 , respectively. Tt is emphasized that these orbital energy

differences agree exactly with the optical peak positions, which is often

not the case in the other work referred to. According to Ballhausen and

Liehr's interpretation, e.g., the 2e and 4t2 orbitals would be separated

by only 1.2eV. This is cercainly too small as indi4cated by the CrLIII

x-ray absorption spectrum, the OK absorption spectrum, and the optical

spectra of other, similar compoune.s (References 35 and 38). This energy

separation is also known as A, .he ligand field-splitting parameter. The

x-ray spectra shown here indicate a A value of 2.3eV. the x-ray resuits

also indicate that each of the two absorption peaks has a unique

transition assignment and that multiple assignments such as suggested by

Oleari et al. (Reference 36) are incorrect. Table VIII summarizes the

Cr04 -2 situation.

Oleari et al. (Reference 36) have also stated that during a charge-

transfer excitation the antibonding MO energy separation (4t 2 -2e) changes,

and that it is therefore impossible to derive from experimental data

(specifically optical absorption) an empirical evaluation of the 4t 2 -2e

energy separation. This seems questionable and most certainly does not

hold true for the experimental x-ray data. 14 seen in Figure 5, both the

CrLIII and oxygen K absorption spectra give directly the 4t2-2e energy

separation as reflected in peaks b and c. If the 2e and 4t2 orbitals are

considered to be localized primarily on the Cr atom, then the oxygen K

absorption could be thought of as arising from a charge-transfer

excitation, while the CrLIII absorption represents an intra-atomic

transition. Both spectra give the same energy separation for peaks b and
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c (Figure 5), and hence the same 4t 2 -2e energy separation. These two

orbitals are also involved in optical absorption transitions and the

agreement between the optical and x-ray data was discussed in the

preceding paragraph.

It may have been noticed by the reader that component A in the oxygen

K emission band of Figure 5 has not been assigned to any particular

orbital. This is due to the fact that component A does not appear to
-2

have anything to do with the CrO. ion. In the chromates, the oxygens
4

are involved in bonding to two different metal ions. In Na2CrO4, for

instance, there are Cr-O and Na-0 bonds, the latter probably being highly

ionic. After observing the oxygen K band from several different

chromates it appears that component A is associated with the oxygen bond

to the other metal ion, although it is much more intense than would

normally be expected. The reason for this is not clear at present.

Viste and Gray (Reference 35) have emphasized the importance of

including the oxygen 2s level in any MO calculation of the valence

orbitals in tetrahedral oxyanions. The x-ray band spectra shown here

support their point because peaks C and D in the 'AII spectium and Ki'

in the K spectrum could not be accounted for without assuming 02s

participation in the bonding. This was also the case in the VO4 -3

spectra (Reference 6). Furthermore, in Figure 6 it is obvious that the

x-ray MO structure is in much closer agreement with the calculations of

Viste and Gray (who included 2s participation) than it is with the

calculations of Oleari et al. (who did not).

There is no indication from the x-ray spectra of a significant energy

gap between the top of the highest filled and the bottom of the lowestS~-2
empty orbitals in CrO4  . Since these orbitals are highly localized on

the molecule, a gap is not necessary to explain the lack of electrical

conductivity. If a gap is present, it would probably not be detectable

by the x-ray spectra anyway because of the presence of multiple

ionization satellite structure at the emission edge which would completely

mask the true position of the edge. The only way this problem could be
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overcome would be to obtain the LIII band at threshold excitation

(Reference 39) which is too difficult to be practical in thia case.

The CrLIII band in Figure 5 was resolved into the Gaussian components

by the method described in section lilA. Since there is believed to be

no significant interaction between neighboring tetrahedral units, inS~-2
CrO4  (Reference 8), the individual orbitals should not be broadened to

quite the extent observed in Cr2 0 With the exception of component G the

Cr04-2 orbitals do indeed appear to be scrmewhat narrower. The width of

component G is probably greatly exaggerated in Figure 5 because an attempt

was made to make thL unfolds match the low energy tail of the LIII band

without introducing another component. Extended tailing due to Auger

transitions, certain types of excitation states, etc. (Reference 14) could

therefore make component G (and to a lesser extent, component A) appear

much broader than It really is. This is also true for components G and E

in the Cr 2 03 spectrum in Figure 4.

D. CrO
3

In Cr03 , the oxygen atoms form distorted tetrahedra around the Cr

atoms (Reference 40). As indicated in Table I, both the Cr.-O and C--C:

interatomic distances are considerably different than in Cr04-. Even

though the CrO3 tetrahedra are distorted, the soft x-ray band spectra

would be expected to be similar in appearance to the CrO-2 spectra. To
4

a large degree this similarity is actually observed as seen in Figures 1

and 2. The specific spectral differences which occur are attributed to

the symmetry distortion, as explained below.

The CrL and OK spectra from CrO are displayed on the same energy
111 3

scale in Figure 7. These spectra are aligned with each ocher by the

method described in the previous section concerning Figure 5. No CrK

spectrum is shown because apparently no one has ever published it. The

author's spectrometer does not have sufficient resolution at 2A to obtain
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a detailed K band which would be needed here. Without the CrX band,

unfortunately, the complete MO structure of CrO cannot be deduced.

Nevertheless, considerable information is still present in the combined
r CrL and OK spectra of Figure 7. The unfolding of the spectra into

individual components follows the method described in section lilA. In

making assignrents for the spectral components, the same MO term symbols

are used for CrO3 as tor a regular tetrahedral structure. This is not

btrictly permissible because the distorted symmetry will result in a

splitting of the triply degenerate orbitals into a singlet and a doublet

(e+a). It is very convenient, however, to retain the original term

symbols for making comparisons of the CrO3 spectra with what was previouslySC 0 - 2 "3

shown for Cr0 In many cases, the symmetry distortion is reflected

in the spectra only as a band broadening anyway.

The CrLI!I emission band is essentially the same as obtained from-r2

CrO4 except that the components are broadened as seen in Figure 7.,

Peaks F, A, G, C, and D are therefore interpreted in the same way (Tabl.e

II). In the oxygen K emission band component B is again assigned-as

arising from the tI nonbonding orbital. Components C and G correspond

to the A and G components of the L band. The big differ2nze in CrO

as compared to CrO4- occurs in the absorption spectra. The most
noticeable ch•ange is the appearance of a new LIII component, labeled g.

It is suggested that component g is associated with nonbonding chromium

e orbitals since the tetrahedral distortion is such that some of the e

orbitals could not form bonds with the oxygen 2p orbitals (Reference 40).

This interpretazion is rei.nforced by the fact that there is no

corresponding component observed in the oxygen K spectrum. Another

noticeable aspect of the absorption spectra is that peak c has apparently

split into two easily separated components, cI and c 2 . This .splitting

occurs in boch the CrLIII and OK spectra and may indicate che a1 and e

components of the original 4t 2 orbital. The energy positions of each

spectral component are listed in Tables III and IV.

It would be helpful to have some other experimental data for CrO3

with which to compare the x-ray results but none could be found.
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Apparently the optical absorption spectrum has not been published and no

electronic structure calculations have been made. The MO interpretation

of the x-ray band spectra, however, does appear to be supported by what

is known about Cr03. It is concluded that the empirically deduced MO3.2

structure is similar to that obtained-for CrO4 2 (Figure 5) except that

-the tetrahedral distortion has caused some obvious splitting of the 4t 2

orbital and has also caused the formation of nonbonding chromium e

orbitals.

E. '-2
E. Cr02 7

The ammonium, sodium, and potassium dichromates crystallize in a

qponoclinic structure in which the oxygen atoms form extremely distorted

tetrahedra around the'chromium atoms (Reference 41). As indicated in

Table IP the Cr-O bonding distances (and angles) vary considerably. Such

extreme distortion may cause a splitting of all degener.% orbitals

although no:calculations have beet made on this sort of structure. As in

the case of CrO3 , the regular tetrahedral term symbols are used for the
sake of convenience in interpreting the x-ray band spectra.

The CrLITT spectrum from K2 Cr2 07 is shown in Figure 1. The sodium
and amonium salts give spectra virtually identical. to this. As can be

seen, this spectrum looks very much like that obtained from CrO3 and

Cr04. The oxygen K spectrum is shown in Figure 2, and is matched to the

CrLl spectr~um in Figure 8. No Cr K spectrum is available for comparison.
SDue to the extreme symmetrydistortion and lack of other experimental

data, no clearcut arguments can be offered in support of the empirical MO

structure for Cr07-2 0 shown in Figure 8. Since the.spectra have the
2 7 -_2same general appearance as shown earlier for CrO4  and CrO3 , the only

reasonable approach is to make an analogous interpretation. Energy

positions of each of the components and their assignments are listed in

Tdbles II, III, IV, and V.

28



AFML-TR-71-92

K. SECTION IV

SUMMARY AND CONCLUSIONS

It has been shown that a complete valence moleculac orbital structure

can be empirically deduced for chromium-oxygen compounds by combining the

information present in the CrLIII, CrK, and OK x-ray band spectra. MO

assignments are made on the basis of the energy positions and relative

intensities of the unfolded x-ray components in conjunction with other

experimental data and theoretical calculations. All of the emission alld

absorption components are seen to be logically explained in terms of

bonding, antibonding, and nonbonding molecular orbitals.

In Cr03 the LIII x-ray spectrum indicates that the three outermost

electrons have t symmetry and are involved in two distinct bonding
2g

mechanisms. One of these electrons is localized in a metal-metal

covalent bond (c-axis pairing) and the other two are associated with a

Cr-O 7r bond. There is no obvious evidence of a collectivized d orbital.

After corrections for broadening effects, the predominantly 3d orbitals

of Cr 0 are found to have a half-width on the order of I to 1.5eV. The
2 3

narrow d-band model of Adler and Brooks (Reference 16) is therefore not

supported. Relative intensities of the CrL spectral components can
III

be used to indicate the approximate amount of 3d contribution to each of

the bonding and antibonding e and t orbitals in Cr2 03 (Table VII).
g 2g2The x-ray abserption spectra indicate that A , the ligand field-splitting

parameter, is 2.1eV in Cr203 but that the optical absorption spectrum

does not measure A as is often assumed. It is probably the separation

between the highest occupied and lowest empty crbitals, both of which

have tzg symmetry in Cr2 0 3 , that the optical spectrum is measuring.

The empirically deduced MO structure of CrO4
2 is not in good

agreement with previous calculations (Figure 6). At least four different

interpretations have been previously suggested for the optical absorption

spectrum of CrO4  but none of them are consistent with the x-ray results.

A different interpretation therefore, is offered here (Table VIII).
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It is concluded that, contrary to previous assumptions, the highest filledS~-2
orbi•'al in CrO is 3t instead of tI. The x-ray absorption spectra

suprtER 4 2V
support ESR measurements (Reference 31) in indicating that the lowest

empty orbital is 2e. It is determined thet A is 2.3eV.

-2 -2
* In going from CrO40 to CrO3 to Cr 0 , the tetrahedral symmetry

becomes increasingly distorted. This is mirrored in the x-ray band

spectra as a broadening and splitting of certain orbitals and by the

formation of nonbonding chromium e crbitals in CrO3 and Cr207-. These
spectral variations are expected on the basis of MO theory and provide

additional support for interpreting the spectra in MO terms.

The presence of peaks C and D in the CrLIII band and peak K It in the
the CrK band show that the oxygen 2s orbitals are involved in the bonding

in each of the compounds discussed here.

To obtain a complete valence molecular-orbital diagram of transition

metal compounds, it is necessary to use the combined K and L x-ray bands

of the metal ion and anion as in Figures 4 and 5. No one spectrum by

itself is sufficient. This is because the valence orbitals contain a

strong admixture of p, d, and s symmetries and the dipole selection rules

prevent certain transitions from occurring in each x-ray state.

Although the molecular orbital structures determined in this report

are strongly empirical in nature hey nevertheless point out the great

value of x-ray valence band spectra in studying the electronic structure

and chemical bonding in solids. Molecular orbital assignments can be

made quite confidently for the various spectral components from simple

considerations of peak positions and relative intensities in conjunction

with the usual dipole selection rules. It is always helpful, of course,

to have theoretical calculations and other types of experimental data at

hand for comparison purposes. The great advantage of x-ray spectra over

other experimental techniques is evident in both their simplicity and

completeness. The combination of emission and absorption spectra makes

it possible to locate both occupied and vacant orbitals within 20eV or so

of the Fermi energy. In addition, the relative contributions of the
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various atomic orbitals to each molecular orbital plus the znergy width

k, of each molecular orbital can be empirically determined from good, i?

reliable x-ray data. Also, the atomic character oi the inner vacancy

considerably simplifies the problem of unambiguously assigning an

electron transition to each spectral component. This overall simplicizy,

completeness, and flexibility cannot even be approached by any other

single experimental technique. The real beauty of the MO interpretation

as illustrated in Figures 4 and 5 is that it ties together very effectively

the various cation and anion emission and absorption spectra with the

chemical interactions which must occur between anion and cation in forming

a compound. Strong relationships are seen between the x-ray spectra and

various solid-state ?henomena such as coordination symmetry, bonding

distances, valence state, bonding character, and many of the resulting

physical properties. Certainly more complete work needs to be done in

certain areas, particularly in persuading theoreticians to do more

careful MO structure calculations which can be directly compared with

the experim2ntal data that can now be obtained. Even with the present

state of affairs, however, it is quite apparent that soft x-ray band

spectroscopy is L-a extremely powerful tool for probing the electronic

structure of compounds.

2 1
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TABLE II

SUGGESTED ELECTRONIC TRANSITIONS RESPONSIBLE FOR INTENSITY MAXIMA
OBSERVED IN CHROMIUM L II,III EMISSIý'N AND ABSORPTION SPECTRk FRCM COMPOUNDS

EMISSION SPECTRA

Elsctron Transition Electron Transition

Peak Octahedral Site Tetrahedral Site

B 2rt, - 2p3/2 not obstrved

F t2g -2p3! 2  3t 2 - 2 p3/2

A 2e - p 3 / 2  le-2p312

G 2ag - 2-3/2 2a1 -
2 p3/ 2  LIII components

C le - 2p3/2 it 2p3/2
S2

D la -2p3/2 Ia1  
2 p3/2

T 2t - 2pl12 not observed

K lt - 2 pl/2 3t - 2pl/2

H 2e 2 pi/ 2  le - Zp212

2 Ia le -
2p3./2 ---------

1g a

ABSORPTION SPECTRA

Eloctron Transition EILctron Transition

Peak Octahedral Site Tet.:Rhedral Site

a L1 1 1 edge L edge

b 2p 3/2 -2t,2 2p 3!2-2e
L components

c 2p 3/2 -3e 2p 3/2 - 4t
9 2

2 p 212 - en

k L!I edge LTT edge

n 2p 1/2 2t 2p 1/2 2e LI components
2g 1

n 2p 1/2 3e 2 p 1/2 -4t

f exciton () exciton )
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Chromium LIMN spectrum
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Oxygen K spectrum
, IC2
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Figure 2. Uncorrected oxyý,en K emission and absorption spectra.-'I Emission bands obtained under negligible self-absorptioU1
conditions. Absorption spectra are self-absorption replicas.
All spectra normsalized to samie height for comparison purposes.

44
i1 43

0~,



AFML-TR-71-92

ATOMIC MOLECULAR ORPATALS MOLECULAR ORBITALS
ORBITALS OCTAHEDPAL SITE TETRAW"DRAL SITE
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Figure 3. Schematic molecular-orbital energy-level diagrams for

chromium in octahedral and tetrahedral symmetry sites with
oxygen anion. Vertical lines indicate electron transitions
most likely to contribute to specific spectra. Diagrams
adapted from Ballhausen and Gray (Reference 17). Not drawn
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Figure 5. Empirical deduction of MO structure of Cr04-2 by combining
the chromium L, chromium K, and oxygen K x-ray band spectra
frcm Na2 CrO4 .
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